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 Low back pain (LBP) is a traumatic impairment for individuals with staggering 
socioeconomic burden. The etiology of LBP is exceedingly complex and confounded by 
comorbidities.  The source of pain is difficult to pin-point because the offending stimuli are not 
always known.  One promising avenue is to investigate the progression of LBP symptoms in 
young and otherwise healthy individuals.  The population that exhibits preclinical LBP in 
prolonged standing may be particularly suitable for understanding the anatomical changes that 
occur during the progression of the symptoms.  Since the pain symptoms subside upon exiting 
the standing position, they are an ideal demographic to investigate the initiating pathoanatomical 
mechanisms of LBP.  As the intervertebral discs are thought to give rise to a great proportion of 
LBP cases, the objective of this thesis is to explore the relationships between standing LBP and 
the three-dimensional morphology of the lumbar intervertebral discs over time. These 
relationships were explored in three different stages by comparing those with and without 
standing LBP in supine, at the time of assuming the standing position, and longitudinally in the 
standing position for 105 minutes. A 40-participant cohort was recruited and imaged with T2 
vi 
positional MRI in each stage.  Linear mixed models with a time-dependent autoregressive 
covariance structure were used to evaluate the differences in intervertebral disc morphology 
between pain developers (PDs) and non-pain developers (NPDs).  While the imaging in supine 
and the initial standing positions alone were not sufficient to detect differences between PDs and 
NPDs in males or females, inclusion of images over a prolonged standing regimen revealed 
differences in disc height and the relative signal intensities of the nuclei pulposi in female PDs. 
There was also a significant correlation between the magnitude of pain and characteristics at 
certain lumbar levels in both female and male PDs.  Future work will focus on identifying 
specific imaging biomarkers implicated in the initiation of chronic LBP.  This study seeks to 
advance the understanding of the role of the lumbar intervertebral discs in standing LBP to 
inform future clinical decisions.
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Chapter 1: Introduction  
Low back pain (LBP) is a musculoskeletal impairment posing a great societal burden 
affecting up to 80% of people at some point in their life 1–4. LBP costs the United States up to 
$200 billion annually due to a combination of direct treatment costs and indirect costs from 
missed work 5,6. It is now the leading cause of years lived with disability among the developed 
and developing world 7,8, and individuals with lower socioeconomic status have 
disproportionately higher odds of experiencing disabling LBP 9. Among the most troubling risk 
factors are work-related stress, depression, and low education 2.  Of note, females experience 
LBP differently to males having more severe symptoms and greater impairment 10. There are 
treatments for LBP 11,12, but in seeking to address its root cause, one encounters the frustrating 
etiological reality that as many as 95% of LBP cases are non-specific 13 where no 
pathoanatomical feature can be identified 7. 
Even excluding disc herniations, the intervertebral discs (IVDs) are thought to be the 
cause of up to 42% of chronic LBP cases (a.k.a. discogenic pain) 14. While no clear 
pathoanatomical mechanism implicating the IVDs in non-specific LBP has been discovered, 
intervertebral disc degeneration (IDD) remains among the likeliest candidates. IDD is a chronic 
condition in which the IVD at one or more segmental levels exhibits structural and biochemical 
degradation that alters biomechanical function which is thought to initiate LBP. IDD is believed 
to begin as early as adolescence and becomes more common with age. Despite the incidence of 
IDD in adult populations both with and without LBP, it is more prevalent in those with LBP than 
without 15.  Nonetheless, symptomatic and asymptomatic populations both present with 
overlapping characteristics, and making a diagnosis based on IDD alone is not recommended. 
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Like the population exhibiting IDD, the population afflicted with LBP is highly 
heterogeneous16,17.  In particular, not only are the etiologies complex, but the trajectory and 
history of the painful condition can vary greatly across individuals.  Therefore, approaches to 
examine populations with a relatively homogeneous LBP history prior to the onset of the chronic 
disease, may reveal the governing mechanisms for the LBP.  There is a preclinical population 
that experiences inducible LBP symptoms. This population consists of young, back-healthy 
individuals whose LBP symptoms are induced only by standing for durations close to 2 hours but 
which are relieved upon exiting the standing position. Pain developers (PDs) are 3 times more 
likely to experience a near-future bout of clinical LBP than non-pain developers (NPDs) 18. The 
involvement of standing in encouraging LBP symptoms is somewhat unsurprising since 
occupational prolonged standing is consistently identified as a risk factor and potential 
aggravator of LBP 19–22. The shared aggravator of LBP symptoms between PDs and some 
clinical LBP populations only strengthens the interest in this group as the source of the pain may 
be similar; Furthermore, the toggleable nature of their LBP symptoms and the short time frame 
in which they develop and subside indicates involvement of the soft tissues in the lower back. 
These individuals provide us with the ability to explore potential relationships between 
deformations of the fibrocartilaginous IVDs and LBP symptoms as they arise.  
According to previous studies, between 40-60% of young, back-healthy participants 
develop LBP symptoms 18,23,24. It has been shown that sensory processing does not differ 
between these groups 25. Some postural differences have been observed including greater lumbar 
lordosis in those that develop pain in the initial standing position 26. However, the specific 
predictive features that precede pain development in the lumbar spine remain unknown.  
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This is an exploratory study investigating the involvement of IVD morphology in pain 
developed after prolonged standing. Through use of positional Magnetic Resonance Imagining 
(MRI), we sought to determine whether anatomical differences of the lumbar spine between 
NPDs and PDs could be resolved before entering the standing positions, after initially entering 
the standing position, or if any differences would reveal themselves while in the process of 
developing pain during the prolonged standing task. We hypothesized that differences in IVD 
morphology, such as those associated with degenerative changes including loss of disc height 
and reduced NP water content, would require time in a loaded position to develop and that 
differences in IVD morphology could be level-specific and owing to the greatest potential pain 
generators. Another objective was to determine the correlative relationship between pain 
outcomes and the IVD features and whether pain at a given time point could be predicted by any 







Chapter 2: Methods 
Participants 
The study included back healthy individuals, defined as those with no history of 
occupational prolonged standing nor any history of LBP, between 18 and 30 years of age with 
body-mass index (BMI) below 30 kg/m2. The age of 30 was selected because beyond that age, 
most people will have experienced LBP 27. 26 individuals who were part of a prior study 25, and 
14 other individuals that met the inclusion criterion, were recruited for this study totaling 40 
participants (19 male, 21 female).  The participants were recruited from the St. Louis 
metropolitan area through community announcements and participant registries.  
 Individuals with any history of clinical LBP were excluded, defined as pain in the 
lumbar region with a magnitude two or greater on a 0-10 numerical scale; that persisted for 24 
hours or more, that subsequently resulted in either: 1) medical intervention from a health care 
professional; 2) three or more consecutive days of missed work or school; 3) three or more 
consecutive days of altered activities of daily living.  Additional exclusion criterion included any 
employment history involving standing for longer than 4 hours per day or standing in one place 
for longer than 1 hour per day in the last year, consumption of greater than 10 alcoholic drinks 
per week, consumption of greater than 25 caffeinated drinks per week, or smoking more than 15 
cigarettes per day, prior diagnosis of anxiety, diabetes, depression, history of trauma to the spine, 
any surgery on the spine, hip, or pelvis, or lumbar scoliosis, spondylolisthesis, ankylosing 
spondylitis, herniation of any discs, any pain, numbness, or tingling below the knee, kidney or 
bladder infection, a history of cancer, or any pain lasting longer than 3 months 28. Participants 




All imaging was performed using a 0.6T Open UPRIGHT® MRI scanner. A 3-plane 
localizer was adjusted to capture the T2 weighted sagittal image stack of the lumbar 
spine (repetition time = 610 ms, echo time = 17 ms, field of view = 24 cm, acquisition matrix = 
210 × 210, slice thickness = 3 mm, no gap, scan duration = 2 min) 29.  Participants were imaged 
after spending approximately 15 minutes in the supine position. They were then instructed to 
stand in the scanner for up to 105 minutes with imaging in 15-minute intervals resulting in 8 
standing image stacks per subject. Participants were permitted to exit the scanner at any time, 
and those that completed at least one scan in both the standing and supine positions were retained 
in analyses. At each time point, the subject reported the extent of their LBP symptoms on a 
visual analogue scale (VAS). A VAS rating was made by creating a mark along a 100 mm 
horizontal line with 0 signifying no pain and 100 signifying the worst pain imaginable. Those 
with any non-zero LBP for at least two timepoints or arising at their final standing time point 
were classified as pain-developers (PD), else they were classified as non-pain developers 
(NPDs). Localization of pain to the lower back was also confirmed using a Body Pain 
Diagram.  Two additional parameters were computed: Max VAS, which is the maximum VAS 
reported by a subject at any time point and pain AUC, (‘Area Under the pain-time Curve’) 
calculated by integrating VAS across time.  
Participants laid their wrists on an arm support (VersaRest™) located 5 cm below the 
lateral epicondyles of the humerus. They were instructed to stand as they normally would and not 
to lean against the scanner or the arm support. All participants were imaged after 12:00 PM to 
minimize the effects of diurnal changes to the IVDs 30. Following acquisition, all images were 
exported as DICOM files. Data were then anonymized so that the researcher was blinded to 
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subject identifiers including sex and pain status. Morphometry was performed using 3d Slicer, a 
free open-source image analysis software, as well as MATLAB (version 2019a) 31–33. Contrast 
was set to (W: 800, L:400) and adjusted when necessary to improve visualization of the NP. 
 
Figure 1. Data acquisition hierarchy diagram. CW denotes measurements performed under 
another researcher 34. An asterisk denotes a measurement that was not performed at all time 
points. 
 Thirteen parameters were collected from MRI images describing the structure and health 
of the five lumbar IVDs (L1L2 to L5S1) and the lumbar spine (see Figure 1). Data were 
collected to describe the geometry and condition of individual IVDs including: a) Whole disc 
(WD) volume, nucleus pulposus (NP) volume, and NP volume fraction or ratio of the NP volume 
to WD volume ; b) Major and minor axis diameter (mediolateral and anteroposterior lengths 
respectively) ; c) Axis ratio, the ratio of major axis diameter to minor axis diameter; d) Central 
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disc height, hereinafter referred to as disc height, which describes the longitudinal length of the 
IVD about its centroid; e) Width, which describes disc bulging (despite its similarity to minor 
axis diameter, it is included in analyses because the method for this measurement is applicable in 
a clinical setting on single slice MRI images), anterior-to-posterior height ratio (AP ratio) which 
describes wedging of the discs 34 and intervertebral angle (IV angle) which quantifies the angular 
contribution of the individual IVD to the whole of the lumbar curvature; e) NIDI, which is the 
ratio of the mean NP T2 signal intensity to that of the WD and is an indicator of the relative 
water content of the NP; f) Degeneration, which describes the degenerative status of the disc as 
assessed by a radiologist. The shape of the lumbar spine was also described with a four-line 
Cobb angle 34 which quantifies the lordotic curvature of the lumbar spine. Each of these 
measurements was made in the supine position and at all time points in the standing position 





Classification of Disc Degeneration 
Two board-certified radiologists scored, to consensus, the degenerative status of the 
lumbar IVDs for each participant in the supine position and the initial standing position.  The 
radiologists assessed six aspects of the lumbar IVDs adapted from the Pfirrmann scale: a) Signal 
intensity of the NP relative to the intensity of other normal discs in the patient; b) Thickness of 
the annulus fibrosus; c) Disc height and volume relative to other normal discs in the patient; d) 
Disc bulging or herniation; e) Degenerative changes to the endplates; f) and degeneration of a 
disc when compared to the other discs in the patient 35. Each IVD was rated on a scale of 1 to 
100, denoting a fully healthy, non-degenerated disc to a highly degenerated disc respectively. 
Highly degenerated discs correspond to a grade of 5 on the Pfirrmann scale. 
IVD Morphometry 
First, IVDs and their NPs were contoured inside of sagittal slices 36,37. Then for each 
IVD, an oblique viewing plane was adjusted to achieve a mid-transverse cross-section oriented 
with respect to the IVD of interest. The mid-transverse plane was determined to be the viewing 
plane which bisects the anterior and posterior boundaries of the IVD across sagittal slices and 
which bisects the left and right boundaries of the IVD across coronal slices. In this plane, the 
major and minor axis diameters of the IVD, mediolateral and anteroposterior lengths 
respectively, were measured 38,39. The major axis diameter was defined as the length of a line 
connecting the left and right lateral-most boundaries of the mid-transverse area of the IVD. The 
minor axis diameter was defined as the length of a mid-sagittal line connecting the anterior-most 
and posterior-most boundaries of the mid-transverse area of the IVD. Segmentations were stored 
as binary label maps and passed through a custom MATLAB script where volumes, disc heights, 
and average signal intensities were calculated. 
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Disc Height Measurement 
This study utilizes a method for measuring disc height directly from IVD voxels 
identified during segmentation. Whole disc and NP segmentations made in 3dslicer and stored as 
binary label maps were analyzed using a custom MATLAB script. Voxels of individual WD 
segmentations were converted to coordinates in 3D space. Principal component analysis was 
performed on voxel coordinates to obtain a new orthonormal reference coordinate system. This 
results in three orthogonal vectors of decreasing size which originate from the IVD’s centroid. 
The two largest vectors of the new coordinate system correspond to the directions encompassing 
the two greatest variances, and when viewing a mid-transverse slice of the IVD, these two 
vectors tend to point along the mediolateral and anteroposterior axes. The third vector is 
orthogonal to the mid-transverse plane and therefore represents the longitudinal axis, or z* axis, 
from which disc height is measured. The first step in our implementation involves isolating 
voxels on the superior and inferior surfaces of IVD. Surface voxels within a 5mm radius of the 
z* axis were then isolated to ensure that the height measurement consulted with voxels in at least 
3 sagittal slices. Disc height was defined as the difference between the average z* of surface 
voxels within the ROI above the mid-transverse plane and the average z* of surface voxels 
within the ROI below the mid-transverse plane. This method offers a consistent, mathematical 
definition of a disc’s longitudinal axis which runs through its geometric center and in which the 





Figure 2. Representation of measured parameters. A) Visual representation of a DICOM stack 
from which contouring was performed as well as a 3D image of the resulting contoured voxels 
including the whole IVDs and the NPs of the five segmental levels. B) A mesh representation of 
a whole IVD segmentation imported to MATLAB including the coordinate system of the 
localizer region. Note that the z-axis represents the longitudinal axis with respect to the subject. 
A longitudinal axis with respect to each IVD is described as the z* axis. C) Workflow 
demonstrating measurement of disc height from identifying the mid-transverse plane 
(represented by a grey disc) and its z* axis (shown as an arrow), to locating surface voxels 
surrounding the z* axis, to arriving at the final disc height measurement. D) The major axis 
diameter which is the mediolateral dimension of the disc. E) The minor axis diameter which is 





In some cases, it was not possible to make robust measurements due to motion artifacts. 
The imaging procedure calls for the radiologist to establish a localizer scan relative to the subject 
in his original position. However, because the subject is in an unsupported position while 
standing, their body can shift throughout the scan resulting in cutoff or imaging artifacts. This 
resulted in random loss of some observations. In most cases, an observation was omitted for 
some parameters but not others. For example, an IVD that is partially outside of the scanned 
region results in loss of a whole disc volume measurement but not minor axis diameter 
measurement for that disc. Imputation of missing data was only performed for one analysis. 
Missing observations were replaced by linearly interpolating between the nearest adjacent time 
points if available. 
Statistical Analyses 
 Analyses for data measured from female and male participants were performed separately 
to account the sex-specific anatomical variations in the spinal column. With the measured 
parameters as response variables, linear mixed effects models were used to model main effects of 
pain, disc level, and time in the standing position as well as their pairwise interactions. BMI was 
included in the models as a covariate. Random effects were modeled for subjects, and segmental 
levels were nested within subjects where applicable. When time was included as a fixed factor, 
repeated measures for the random effects were modeled with an autoregressive covariance 
structure with adjacent serial weighting of covariances. In analyses in which there was no source 
of non-independence within the data, such as when Cobb angle was assessed at a single time 
point, a general linear model was utilized instead of a mixed model.  
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A separate linear mixed effects model was used to fit a multivariate regression with raw 
non-zero VAS ratings as the response variable and the aforementioned morphological features of 
the lumbar IVDs and lumbar spine as explanatory variables. In this case, the morphological 
parameters of the IVDs were striated by disc level and included as their own explanatory 
variables. Moreover, BMI was not included as a covariate as the range of BMI is too narrow for 
theoretical involvement in predicting painful VAS scores. VAS was log-transformed to address 
non-normally distributed residuals. Model selection was informed by a backward stepwise 
selection algorithm in which fixed factors were sequentially removed until the model saw no 
improvement in the Bayesian Information Criterion (BIC) defined as a decrease in BIC greater 
than 0.5. BIC was selected over the Akaike Information Criterion (AIC) because unlike BIC, 
AIC is prone to permitting selection of overly complex models as it does not account for the 
number of observations in the model 40,41. 
  Linear mixed effects models were performed in R programming language (RStudio) 
using the nlme package (v3.1-152; Pinheiro et al., 2021). Results are reported for type III tests of 
fixed effects in the presence of interactions and type II tests in their absence. Significance of all 
statistical results were determined with alpha at 0.05.   
Post hoc multiple comparisons are reported after applying either a Šidák adjustment for 
planned contrasts or a Tukey’s HSD adjustment. Post hoc power was calculated using the nlmeU 
package in R (v0.70-3; Galecki et al., 2015). Standardized effect sizes are reported as partial eta-





Reliability of Measurements 
 The intra-rater reliability of all parameters measured by the researcher (D.A.) was 
determined via the intra-class correlation coefficient using IBM SPSS Statistics (Version 27) 
based on a single measures, absolute agreement, two-way mixed effects model. Measurements 
for 10 randomly selected IVDs were repeated on three non-consecutive days. All ICC estimates 
demonstrated moderate to excellent repeatability. ICC results can be found in Table 2. Intra-rater 
and inter-observer ICCs for the other measured parameters were also moderate to excellent 34. 
Table 1 
Intra-class correlation coefficients of measurements. SI stands for Signal Intensity. 
Measurement ICC [95% CI] 
IVD Volume 0.87 [0.55 – 0.97] 
NP Volume 0.87 [0.43 – 0.97] 
Disc Height 0.95 [0.88 – 0.99] 
IVD S.I. 0.99 [0.98 – 0.99] 
NP S.I. 0.93 [0.64 – 0.98] 
Minor Diam 0.94 [0.81 – 0.99] 





Chapter 3: Results 
 36 individuals completed all standing time points. Three PDs were not able to complete 
the study due to excess pain or discomfort. Two of these participants completed all but one time 
point while the third participant exited after only two standing time points.  One NPD was unable 
to complete the final three time points due to system issues. Half of the participants developed 
LBP during standing with 12 female PDs to 9 female NPDs and 8 male PDs to 11 male NPDs. 
Female PDs weighed less than NPDs (p <0.05 using an independent t-test); however, they did 
not differ in age, height, or BMI. Male PDs did not differ from NPDs in any characteristic.   
Table 2 
Participant characteristics. Reported p values are results of two-tailed independent t-tests. 
  Female   Male 
  NPD (9) PD (12) p value   NPD (11) PD (8) p value 
Age (y) 25.3±1.7 24.6±2.5   24.9±2.8 24.4±4.6  
Height 
 (cm) 
167.9.0±7.6 162.2±7.7   179.1±8.3 177.7±6.9  
Weight  
(kg) 
63.5 ± 5.4 57.6±4.2  = 0.012  76.4±9.2 69.1±8.2  = 0.093 
BMI  
(kg/m^2) 
22.7±1.8 22.2±2.2     23.8±2.3 21.9±2.4  = 0.092 







 Around half of the PDs reported their first LBP symptoms by 30 minutes of continuous 
standing and their maximal LBP symptoms by 90 minutes. Males and females demonstrated 
similar trends in pain progression. 
Figure 3. Pain progression in PDs. Results are separated by sex. A) VAS rating across time with 
lines representing the mean VAS and the shaded regions representing the mean ± the standard 
deviation. B) Survival curves showing the probability of a PD experiencing the first symptoms of 
LBP during prolonged standing. C) Survival curves showing the probability of a PD developing 
their worst LBP symptoms during prolonged standing. 
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Differences in Supine 
 The pain status of an individual in supine was not predictive of IVD morphology nor 
Cobb angle. The linear model for Cobb angle yielded a poor fit on the male data.  In males, post 
hoc comparisons of degeneration between lumbar levels revealed that the L5S1 disc level was 
more degenerated than all other disc levels (p < 0.01 for all comparisons; Tukey) and that no 





Model results of comparisons in supine. For mixed models, Rc2 is reported which signifies the 
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Differences between Supine and Initial Standing 
 Whole disc volume in males and females were reduced after assuming the standing 
position. The estimated differences in IVD volume between supine and standing was 0.279 cm3 
in females and 0.69 cm3 in males. Female disc height decreased by 0.151 mm (p = 0.0269) after 
standing but did not significantly change in males.  Females saw a small but significant decrease 
in Cobb angle after entering the standing positions (3.44 degrees, p = 0.04). The degeneration of 
the L5S1 level increased after standing by 1.69 in females (p < 0.001; Šidák) and increased by 
2.87 in males (p < 0.001; Šidák). In males, the L5S1 minor axis diameter alone saw a significant 
increase of 0.97 mm (p = 0.0305; Šidák) after standing. In both females and males, the L5S1 IV 
angle alone decreased after assuming the standing position with females seeing a decrease of 
3.48 degrees (p < 0.0001; Šidák) and males seeing a decrease of 2.48 degrees (p = 0.0010; 
Šidák). Likewise, the AP ratio of just the L5S1 IVDs were significantly changed after standing, 
with the L5S1 AP ratio of females decreasing by 0.43 (p < 0.0001; Šidák) and of males 
decreasing by 0.42 (p =0.0003; Šidák). NIDI was different according to disc level in both males 
and females. In females, the estimated mean NIDIs from the L1L2 to L5S1 levels were 1.58, 
1.66, 1.60, 1.48, and 1.44, with L5S1 being significantly lower than L3L4 and L2L3 (p = 0.0009, 
p = 0.0271; Tukey) and with L4L5 being significantly lower than L2L3 (p = 0.0154; Tukey). In 
males, the estimated NIDIs from L1L2 to L5S1 were 1.70, 1.84, 1.88, 1.67, and 1.53, with the 
L5S1 NIDI being lower than L2L3 and L3L4 levels (p = 0.0001, p < 0.0001; Tukey) and the 
L4L5 level being lower than L3L4 (p = 0.0218; Tukey). There was a significant pain and 
position interaction on female NIDI showing that female NPDs saw no change in NIDI between 
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Differences in Initial Standing 
After initially assuming the standing position, pain was not a significant main nor 
interaction factor influencing any IVD morphology or Cobb angle. In standing, there was a 
trending difference between female L5S1 and L2L3 Degeneration (p = 0.053; Tukey). As in 
supine, the male L5S1 level was more degenerated than all other discs by at least 15.31 (p < 0.01 
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Differences during Prolonged Standing 
 There was a significant effect of pain on female disc height (p = 0.0066) with a large 
effect size. Female NPD disc height was estimated at 9.86 mm and PD disc height at 9.12 mm 
with 95% confidence intervals of [9.48, 10.24] and [8.79, 9.45] respectively.  Despite the 
significant interaction of standing time and pain, post hoc comparisons between NPDs and PDs 
showed no significant difference in WD volume at any time point. There is a trending difference 
in female WD volume of 2.32 cm3 (p = 0.06). PDs also showed different NIDI trajectories while 
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Figure 4. Comparisons of female NPDs and PDs for Cobb angle and measurements in which the 
main effect of pain or an interaction with pain was identified as significant. Error bars denote 
95% confidence intervals on the mean difference. These variables included: A) Whole disc 
volume; B) NP volume; C) Disc height; D) Major axis diameter; E) Minor axis diameter; F) 
NIDI; G) Cobb angle. Note: As this is an exploratory study, these comparisons between NPDs 
and PDs within each level and time point are pre-planned comparisons with no corrections 





Figure 5. Comparisons of male NPDs and PDs for Cobb angle and measurements in which the 
main effect of pain or an interaction with pain was identified as significant. Error bars denote 
95% confidence intervals on the mean difference. These variables included: A) Major axis 
diameter; B) Minor axis diameter; C) IV angle; D) NIDI; and E) Cobb angle. Note: As this is an 
exploratory study, these comparisons between NPDs and PDs within each level and time point 










Figure 6. Female PDs show different NIDI trajectories from NPDs. In NPDs, NIDI increased at 
first, with 0 minutes being different from 15 and 30 minutes and later decreased with NIDI at 30, 
45, and 60 minutes being greater than at 105 minutes. NIDI was also elevated at 30 minutes 
relative to 75 and 105 minutes. In PDs, there was a less dynamic increase, with NIDI at 0 being 
different from 15, 30, 45, 60, 75, and 90 minutes and NIDI at 75 minutes being greater than at 




VAS Mixed Model 
 A multivariate mixed model was fitted with the log-transformed non-zero VAS scores as 
the response variable. To combat loss of observations due to missingness of any predictor 
measurement, missing measurements were imputed in this analysis. The best predictors for males 
and females were determined by backward selection on the set of features shown in Figures 4 
and 5 respectively. Despite the absence of a significant effect of pain on Cobb angle in males or 
females, Cobb angle was included in the set for its theoretical association with LBP. The models 
were also run with best predictors from the set of clinically available features including Cobb 
angle, width, IV angle, and AP ratio.  
The selected best predictors for females were L5S1 WD volume, L2L3 and L5S1 NIDI, 
and Cobb angle. The female model identified only L2L3 NIDI as a significant factor that is 
negatively related to pain (p = 0.029; Rc
2 = 0.38). The selected best predictors for males were 
L2L3 NIDI and L1L2 IV angle. In this model, L2L3 NIDI was also identified as a significant 
factor having a negative relationship with pain (p = 0.026; Rc
2 = 0.21). The clinical best 
predictors for females were L3L4 and L5S1 AP ratios, and L4L5 width. All factors were 
significantly related to the pain outcome. L5S1 and L3L4 AP ratios were negatively related to 
pain outcome (p = 0.002, p = 0.006) while L4L5 width was positively related to pain outcome  
(p < 0.001; Rc
2 = 0.35). The clinical best predictors for males were L1L2 and L2L3 AP ratio and 
L5S1 width. The model identified L1L2 AP ratio and L5S1 width as significant factors both 
having negative relationships with pain (p = 0.031, p = 0.003; Rc




Pain AUC and Max VAS Correlations 
 The subject that completed only two standing time points was excluded from correlation 
analyses involving pain AUC and max VAS because their standing duration was too dissimilar 
from other PDs.  Correlations with pain AUC were made with measurements per disc and Cobb 
angle averaged across standing time points. The correlations with max VAS were performed on 
the same measurements except only those measured at the time of maximum pain. Pearson 
correlation coefficients for all relationships and those with moderate relationships (abs(r) > 
0.50) that could reasonably influence pain were tested for significance. After adjusting for 
multiple tests of significance, the remaining significant correlations are reported in Table 7. 
Table 7 
Significant correlations with Pain AUC and Max VAS. The reported p values are Šidák adjusted 
to account for multiple correlations. 
Max VAS Pain AUC Max VAS Pain AUC
L1L2 Width (-0.84, 0.038)
L2L3 NIDI (-0.91, 0.010)
L4L5 AP (0.79, 0.008)
L3L4 IV Angle (0.59, 0.018)
L4L5 IV Angle (0.78, 0.012) (0.80, 0.010)
Female Male





Chapter 4: Discussion 
 This study explored the morphological differences of the lumbar IVDs between PDs and 
NPDs in the supine and standing positions as well as the correlative relationships between IVD 
morphology and pain outcomes. We recruited 40 participants and imaged them using T2 MRI 
over 8 time points of standing.  Half the participants developed LBP symptoms during the 
standing time course, consistent with the prevalence reported by other studies 23,24,26. We 
developed and validated a set of repeatable and reliable IVD morphometric measurements from 
volumetric MRI in the supine and standing positions.  
Our previous work showed that standing position alters the lumbar spine morphology 
from the supine position 34.  Unsurprisingly, the current study shows that measurements made in 
the supine position are insufficient to differentiate PDs from NPDs.  We also identified potential 
imaging biomarkers that distinguish PDs from NPDs, such as a reduction in NIDI of female PDs 
upon standing. These differences confirm the utility of imaging in functionally relevant 
positions.  We found that inclusion of temporally longitudinal MRI images improves the 
prediction of pain status and magnitude.  
The pain status of an individual was not associated with any specific morphological 
characteristics at any segmental level in the supine position. This finding suggests that if pain is 
discogenic, morphological changes to the IVDs do not present until they take on greater loading 
conditions. In fact, we discovered that the signal intensity of the L5S1 NP exhibits a small but 
significant change following the transition from supine to standing in females PDs while female 
NPDs show no such change. The loss of signal intensity on MRI is associated with loss of water 
content and is consistent with a load-induced adaptation as the axial compressive loads from 
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standing forces matrix water to gradually exude from the NP.  This susceptibility to loss of 
hydration during standing could progress into pathological degeneration. 
 Female PDs exhibited the most notable differences in IVD morphology. Female PDs 
showed reduced disc heights throughout the standing task. It is interesting to note that there was 
no significant difference in supine or at the initial standing time point, and that the difference 
only appeared after consulting with height across time in standing (although there was a trending 
difference in female disc height in the standing position, p = 0.053). A recent radiographic study 
demonstrated that among individuals with early to middle stage disc degeneration, those with 
discogenic LBP show greater disc height discrepancy in between supine and standing positions 
than those without 43. Pairwise comparisons between PDs and NPDs at all disc levels and time 
points indicated that the difference could be primarily driven by the L5S1 disc level. The L5S1 
IVD was also the most significantly degenerated of the male discs. The IVD at this level has the 
most unique geometry and loading conditions relative to the other lumbar IVDs, and we found 
that it alone experiences changes to IV angle and AP ratio both of which indicate that the load 
incurred upon standing causes significant deformations at this level. We also showed that the 
lower levels, L5S1 and L4L5, have the lowest NIDIs. In females, NIDI changed over time 
differently between PDs and NPDs, with both showing a rise and fall in NIDI throughout 
standing, but with PDs showing a less dynamic change across time.  Changes to the signal 
intensity of the discs are not surprising as signal intensity has been shown to continuously 
increase over a period of around 6 hours in simulated loading conditions in a supine MRI 44. Our 
findings could mean that changes in water content of the NP are associated with standing-
induced LBP. The findings on females could indicate that involvement of the IVD in standing-
induced LBP is sex specific. 
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L2L3 NIDI was related to the pain of PDs in both males and females. Both relationships 
were negative with pain indicating that lower NIDIs were associated with greater pain. The same 
relationship reappeared as a significant correlation with male L2L3 NIDI being negatively 
correlated with pain AUC. Such a trend is reasonable since one aspect of painful, degenerated 
discs is low signal intensity from the NP. Among the clinically available predictors, increases in 
female VAS were associated with decreases in AP ratio at two segmental levels and increases in 
L4L5 width. This would suggest that less wedging of the L5S1 and L3L4 and greater 
anteroposterior bulging of the L4L5 disc is associated with greater pain for females. In males, 
reductions in L1L2 AP ratios and L5S1 widths were associated with greater pain.  
Unlike others, we did not find any differences in lordosis between PDs and NPDs in the initial 
standing position 26. We also found no lordotic differences throughout the prolonged standing 
task. Degenerative grading, which was performed both in the supine and initial standing 
positions, was not predictive in this population highlighting the need for other quantitative 
metrics in assessing the overall properties IVDs that appear healthy. Our findings for female PDs 
share some similarities with the criteria that were used to grade degeneration, namely disc height 
and the signal intensity of the NP relative to the whole disc; As no difference in degeneration 
was found among females, there may be a need for a more quantitative system of grading early 
degeneration. Future investigations of standing-induced LBP may consider computing NIDI 
from either single slice MRI or volumetric images. This study also demonstrates the role of 
standing in bringing about these differences. Future work on clinical LBP populations could 
benefit from pMRI imaging on the lumbar spine in functionally relevant positions.   
This study utilized a method of measuring disc height directly from segmentations. Disc 
height is frequently measured as the length of one or more lines connecting the inferior and 
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superior surfaces of the IVD in a sagittal view 45, but there is no standard approach. Others have 
measured disc height directly from segmentation on high resolution MRI scans on ex-vivo 
samples by dividing the whole volume by the axial area 46. Some groups have analyzed the 
geometric deformations of the lumbar IVDs in standing by defining local disc height according 
to the distance between nearest points within contour-defined meshes of the upper and lower disc 
surface along the z-axis of a reference coordinate system centered on and oriented with respect to 
the lower endplate 47. Moreover, others have used segmentations on MRI to map height across 
the disc by applying a method of Laplacian thickness 48. One limitation of our method is that it 
assumes healthy discs to be roughly ellipsoidal. PCA results in vectors that are orthogonal to one 
another which is well suited to describing discs that exhibit symmetry about a set of orthogonal 
planes. IVDs deviate from this assumption when they present wedge-like morphology which is 
especially likely at the L5S1 disc level. Nevertheless, this automated segmentation-based process 
for measuring disc height yielded the highest reliability among other morphometry performed by 
the researcher. 
There were some noteworthy limitations to our study. While the short sequencing time 
likely reduced the presence of motion artifacts among the images we obtained, some 
measurements were not possible due to blurring. We encountered unexpected loss of 
observations due to misalignment of the subject and the scanner’s field of view. These losses 
reduced our ability to detect differences in whole disc volume, major axis diameter, and axis 
ratio. Although we obtained acceptable images from standing individuals, the data quality would 
likely be improved with a higher resolution scanner. We were also limited by the number of male 
PDs. With only 8 male PDs, our power to detect differences associated with pain was reduced. 
The additional missing observations from the subject that was only imaged for two time points 
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compounded this issue. In future studies looking to perform volumetric morphometry from MRI 
on standing subjects, more precautions should be taken to ensure that subjects do not exit the 




Chapter 5: Conclusions 
 We demonstrated reliable measurements of IVD morphology via volumetric positional 
MRI images taken in the supine and standing positions. Females exhibited the only 
morphological differences between PDs and NPDs. The signal intensity of the NP relative to the 
surrounding tissue became an important parameter in distinguishing between groups and showed 
some relationship with pain outcomes in both sexes. We discovered that female PDs have 
reduced disc heights relative to NPDs, and that imaging in the standing position was necessary 
for this difference to manifest, further promoting the idea that functionally relevant imaging 
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Appendix: Supplemental Materials 
MRI phantom signal intensity validation: It was demonstrated that T2 weighted signal 
intensity decreases with decreasing water content. A spherical phantom (High Performance 
Devices, Inc) housing 13 vials containing polyvinylpyrrolidone (PVP) solutions ranging from 0 
to 50 %w/w in water was imaged at room temperature in the Open Upright scanner (resolution 
1.2 mm x 1.2 mm x 6.55 mm)49. A modest decrease in water content results in an appreciable 
loss of signal intensity. These results support the implication that an increased NIDI reflects an 
increase in the NP water content relative to the whole disc. 
Supp Figure 1. HPD Phantom MRI signal intensity validation: A) T2 weighted image of the mid-
transverse slice of the HPD phantom. ROIs for each vial were automatically detected in 
MATLAB and are indicated here by red circles. B) Plot of the average signal intensity within the 
ROIs vs PVP concentration demonstrating loss of signal intensity with decreasing water content. 
Note. The lowest PVP concentrations are excluded because signal intensities and water content 





Voxel size discrepancy: Nearly half of all subjects were imaged with a higher sagittal resolution 
(0.76mm x 0.76mm x 3.0 mm). To confirm that geometric measurements made on both 
resolutions yielded comparable results, five participants with high resolution scans were 
randomly selected and three of their IVDs were re-measured after downsampling the images to 
the lower resolution. Intra-rater ICCs were computed as previously described for WD volume, 
NP volume, disc height, major axis diameter and minor axis diameter resulting in ICCs of 0.94, 




Multicollinearity of variables: Recorded measurements were determined to be too highly 
correlated and thus susceptible to multicollinearity with other measurements if the Pearson 
correlation coefficient between the two measurements exceeded 0.75. In such cases, the 
measurement most theoretically associated with pain or that was least susceptible to being 
influenced by image quality was included in the model.  
Supp Figure 2. Table of Pearson correlation coefficients of all measured parameters.  Strength of 
correlations are color mapped between -1 and 1.  In addition, positive correlations are denoted by 
ellipses with positive sloping major axes, and negative slopes are denoted by ellipses with 
negative sloping major axes. 
